Peculiarities of magnetic flux penetration and losses in composite superconductors with an exponential current-voltage characteristic have been studied. The case was considered when the amplitude of the external magnetic field was comparable with the field at which complete penetration into the sample occurred. The transient process occurring in the superconductor placed in an alternating magnetic field is analysed.
j =jc(B, T) +j~(B,7)ln(E/Eo)
where A(B, T) is the critical current density determined at some value of E --Eo (the value of Eo is as a rule of the order of 10-4V m-~), and the current density, jr(B, T) is one of the material parameters, usually jt ~, 1-3% ofjc.
It must be noted that the transition from the model of critical state to current-voltage characteristic in Equation (2) leads to both quantitative results and to a number of qualitative results. Indeed, the use of Equation (2) in the study of the electrodynamics of composite superconductors enabled calculation of their current-carrying capacity under different external conditions "'5. It follows from Equation ( 2) that losses depend on the rate of variation of external parameters, even in the slowest processes 6. The magnetic flux penetration into a superconductor with a current-voltage characteristic of the form in Equation (2) was studied elsewhere 6"7. However, only the limiting case where the amplitude of external 0011-2275/89/1101041-04 $03.00 © 1989 Butterworth & Co (Publishers) Ltd magnetic field variation is high compared with the field of complete penetration, B~=#,d=b, where b is the characteristic size of the sample, is considered. For this case approximate analytical expressions describing the electric and magnetic field distributions were obtained and thus enabled calculation of the losses over a cycle of external magnetic field variation.
In this paper numerical calculations are used to investigate the magnetic flux penetration in a superconductor with a current-voltage characteristic shown in Equation (2) . A case is considered when the amplitude of the external magnetic field variation is of the order of B r Using the results obtained, assessment has been made of the losses associated with the emergence of transient processes absent from the critical state model.
An infinite plane-parallel plate with a thickness of 2b, placed in an external varying magnetic field B=(t) parallel to the plane surface, see Figure I , is considered. Given this geometry, Maxwell equations describing the B(x) and E(x) distributions take the form
If it is assumed that j= and Jt are independent of B then, Equations (3) for determining the E(x, t) relationship are reduced to a single partial differential equation, which can be conveniently presented in the following dimensionless form
Here, the electric field intensity ~ = E/Eo, the coordinate = x/b, and the time • = t/to where to = #jtb2/Eo • Equation (4) has a peculiarity at ~ = 0. This makes it difficult to use Equation (4) especially in determining the magnetic field penetration into the sample. As has been shown above, the peculiarity in Equation (4) is due to the fact that the current-voltage characteristic shown in Equation (2) is not defined in zero electric field. In order to eliminate this uncertainty, while maintaining the logarithmic behaviour of thej(E) relationship, the latter should be modified such that, at E = 0, the current density j vanishes. The expression j =j= +jxln(y + E/Eo) satisfies these requirements if the constant ~ = exp(-jJjx).
As seen from the comparison of Equations (2) and (5), the difference between them is apparent at a value of E ~< ?Eo. For technical composite superconductors z, the value of the jJj~ ratio is, as a rule, in thr'i'ange 10-100, i.e. ~ << 1. As a result, Equations (2) and (5) only differ if E <<< E o. It is this fact that enables the current-voltage characteristic to be advantageously used in numerical modelling of the electrodynamics of technical composite superconductors.
For numerical calculations, this characteristic can be conveniently presented in the following dimensionless form i = In(1 + s/~) where the current density, i =j/j~. When t + 7 is substituted for ~ in Equation (4) exceed those calculated in the model of critical state by up to 40%. This difference is due both to the contribution by transient processes and to the logarithmic behaviour of the current-voltage characteristic. Therefore, the use of the current-voltage characteristic, Equation (5), permits the peculiarities of magnetic flux penetration into composite superconductors to be studied and the calculation of the concomitant losses.
